Abstract. Numerous studies have revealed that microRNAs (miRNAs) are functional non-coding RNAs that serve roles in a variety of biological processes. However, the expression patterns and regulatory networks, as well as the miRNAs involved in liver fibrosis remain to be elucidated. In the present study, a mouse model of liver fibrosis was constructed by CCl 4 intraperitoneal injection and the total RNAs were extracted from the liver of the mice. The total RNAs were then sequenced on an Illumina HiSeq 2000 platform and an integrated analysis of miRNA and mRNA expression profiles in CCl 4 -induced liver fibrosis was performed. Compared with normal liver samples, 56 and 15 miRNAs were found to be upregulated and downregulated in fibrotic livers, respectively. To predict the potential functions of these miRNAs, bioinformatics analysis, including Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway analysis, was used to assess target mRNAs. The results indicated that the mitogen-activated protein kinase, phosphoinositide 3 kinase/protein kinase B and focal adhesion signaling pathways were the most significantly enriched. In addition, a regulatory network containing five dysregulated miRNAs and 22 target mRNAs was constructed based on their inverse correlation. Furthermore, the five dysregulated miRNAs were significantly upregulated and the expression of RELB, RAP1A, PPP3CB, MAP2K4, ARRB1, MAP3K4, FGF1 and PRKCB in the network was significantly decreased in LX-2 cells following TGF-β1 treatment which suggested that they were associated with the activation of human hepatic stellate cells. The miRNA-mRNA regulatory network produced in the present study may provide novel insights into the role of miRNAs in liver fibrosis.
Introduction
Hepatic fibrosis is an inevitable process that occurs in the progression of various chronic liver diseases, ultimately leading to cirrhosis. It is a reversible pathological change caused by acute/chronic liver injury (1) . Liver fibrosis manifests as the excessive deposition of extracellular matrix (ECM) in the liver. Long-term aggravation of liver fibrosis results in diffuse liver damage, which may lead to the development of cirrhosis and liver cancer (1) . The activation and proliferation of hepatic stellate cells (HSCs) is critically involved in the process of liver fibrosis (2) (3) (4) . It is therefore of great importance to identify a reliable, non-invasive and convenient method for the early diagnosis of liver fibrosis.
MicroRNAs (miRNAs/miRs) are a class of evolutionarily conserved small (18-24 nucleotides) single-stranded non-coding RNAs that mediate post-transcriptional gene suppression, via the degradation of target mRNAs or the suppression of mRNA translation following binding (5, 6) . Increasing evidence suggests that dysregulated miRNAs serve a crucial role in a number of diseases, including hepatocellular carcinoma and liver fibrosis (7, 8) . For example, it was reported that the miRNA-15a/plasminogen activator inhibitor 2 axis promotes the migration of cholangiocarcinoma cells (9) . miR-122 and other miRNAs may have potential as circulating biomarkers in drug-induced liver injury (10) . miRNA-351 directly targets the vitamin D receptor to promote schistosomiasis-induced hepatic fibrosis (11) . However, to the best of our knowledge, there have been no studies focusing on the miRNA-mRNA network involved in liver fibrosis to date.
In the current study, the expression profiles of miRNAs and mRNAs in liver fibrosis were investigated and compared with normal liver samples. The identification of novel differentially expressed miRNAs may provide novel insights, allowing for the early diagnosis and treatment of liver fibrosis. A total Integration of high-throughput data of microRNA and mRNA expression profiles reveals novel insights into the mechanism of liver fibrosis The results of the present study may provide novel insights to increase our understanding of the underlying mechanism involved in liver fibrosis.
Materials and methods
Liver fibrosis model and RNA isolation. A mouse model of liver fibrosis was constructed and RNA was isolated as previously reported (12) . In brief, 6-week-old male C57BL/6 mice (weight, ~20 g) were purchased from Shanghai Laboratory Animal Center (Shanghai, China) and maintained under a 12 h light/dark cycle with 40-60% humidity, at 22-25˚C, with free access to food and water. Following acclimatization for one week, the 12 mice were randomly divided into control and treatment groups (n=6/each group). CCl 4 (0.5 µl/g body weight; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) diluted nine times in corn oil (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was administered to mice via intraperitoneal injection by two times per week, for 8 weeks. The control group was injected with an equivalent volume of corn oil. After 8 weeks, mice were anaesthetized by intraperitoneal injection of 0.8% pentobarbital (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). and sacrificed and liver tissues were harvested. Total RNA was isolated from four fibrotic and four normal liver tissues using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's instructions. The study was approved by the Ethical Committee of Fudan University and all experiments were performed according to the approved guidelines and regulations.
Histopathology analyses and immunohistochemistry. Liver specimens were fixed in 4% formaldehyde (Sigma-Aldrich; Merck KGaA) at room temperature for 12 h, dehydrated, embedded in paraffin at room temperature for 1 h and sectioned at 3 um. The sections were processed for hematoxylin and eosin (H&E) and Masson's trichrome (both Sigma-Aldrich; Merck KGaA) staining for assessment of the degree of liver fibrosis. For the H&E staining, the tissue section was incubated at 65˚C for 1 h for dewaxing. Samples were stained with hematoxylin for 1 min, followed by eosin staining for 10 sec at room temperature, and, then the samples were dried at room temperature and sealed. The sections were imaged using a Nikon Eclipse 80i microscope (Nikon Corporation, Tokyo, Japan). Hematoxylin and eosin, α-smooth muscle actin (SMA) and Masson staining demonstrated that liver fibrosis was successfully established, which was also verified in our previous study (12) .
miRNA sequencing. Total RNA was used to prepare miRNA libraries and the purified libraries were sequenced on an Illumina HiSeq 2000 platform (Illumina, Inc., San Diego, CA, USA). In brief, the raw data were processed with R software (version 3.3.2; www.r-project.org) to ensure its quality. Clean data were mapped to the Ensemble database (GRCh37) (13) and compared with miRBase (release 21; www.mirbase.org) to identify mature miRNAs. The count and reads per million total read values of the miRNAs were collected for each sample. Individual miRNAs were analyzed to identify significant differences using the DESeq2 package (version 1.4.0) (14) in R. The parameters for differentially expressed miRNAs were set with a false discovery rate of <0.05 and |log2 fold change (FC)|>=1. The differentially expressed miRNAs are shown by heatmap and volcano plot using R software The miRNA expression profiles (GSE49012 and GSE40744) in human liver cirrhosis tissues were downloaded from publicly available Gene Expression Omnibus (GEO) datasets (www.ncbi.nlm. nih.gov/geo) (15, 16) .
miRNA target prediction. miRWalk (version 2.0) (17) collects 13 predicted data sets from existing miRNA target databases to predict all possible miRNA-mRNA interactions. Putative interactions between the sequenced miRNAs and mRNAs were evaluated using miRWalk. The search was restricted to miRNAs with a minimum seed length of seven nucleotides and binding sites in the 3'untranslated region (UTR) of target genes. P<0.05 was considered to indicate a statistically significant difference. 
org).
Activation of LX-2 cells. LX-2 HSC cells were cultured in DMEM (Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS, Invitrogen; Thermo Fisher Scientific, Inc.) in a humidified atmosphere containing 5% CO 2 at 37˚C for 24 h. LX-2 cells were starved for 12 h in serum-free DMEM, following which they were treated with 10 ng/ml TGF-β (R&D Systems China Co., Ltd., Shanghai, China). After 24 h of TGF-β treatment, the cells were harvested for RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
RT-qPCR. SYBR Green-based qPCR (Thermo Fisher Scientific, Inc.) was used to measure mRNA expression. Total RNA (2 µg) was reverse transcribed into cDNA using the reverse transcription kit (Takara Biotechnology Co., Ltd. Dalian, China). The protocol for reverse transcription was as follows: 25˚C for 10 min; 37˚C for 120 min and 85˚C for 5 min. The thermocycling conditions for RT-qPCR were as follows: Initial denaturation at 95˚C for 10 min; 40 cycles of denaturation at 95˚C for 30 sec, annealing at 55˚C for 30 sec and extension at 72˚C for 30 sec; followed by melting curve analysis. All experiments were performed in triplicate. The comparative ∆Cq method (21) 
Results

Identification of differentially expressed miRNAs in liver fibrosis.
To identify miRNAs that may be significant in liver fibrogenesis, miRNA sequencing was performed to compare their expression between fibrotic liver and normal liver tissues. As shown in Fig. 1 , 71 miRNAs that were significantly differentially expressed between fibrotic liver and normal liver tissues were identified. Among these, 56 were upregulated and 15 were downregulated in fibrotic samples. A heatmap and volcano plot were produced to show the differentially expressed miRNAs using R software, of which the top 20 dysregulated miRNAs were summarized and listed in Table II .
To identify conserved miRNAs in human clinical samples and animal experiments, two miRNA profiles (GSE49012 and GSE40744) were downloaded from publicly available GEO datasets (www.ncbi.nlm.nih.gov/geo). The data suggested that five miRNAs (miR-212-3p, miR-146b-5p, let-7i-5p, miR-143-5p and miR-199a-3p) were also upregulated in human liver fibrotic samples, which was consistent with the results of the present study (Fig. 1C) . RT-qPCR was performed to verify the expression of these five upregulated miRNAs in CCl 4 -induced fibrotic and control normal liver tissues. It was confirmed that miR-212-3p, miR-146b-5p, let-7i-5p, miR-143-5p and miR-199a-3p were significantly increased in CCl 4 -treated liver tissues compared with control samples (Fig. 1D) .
GO analysis and pathway analysis.
Bioinformatics analyses were used to analyze miRNA function based on their target mRNAs. GO analysis was performed to evaluate mRNA enrichments in terms of biological process, cellular component and molecular function. The top 10 enriched GO terms were involved in the regulation of cellular and metabolic processes ( Fig. 2A) . KEGG analysis revealed the top 10 pathways, which included the mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)-protein kinase B (Akt), focal adhesion and Wnt signaling pathways. All of these pathways are associated with HSC activation and extracellular matrix ECM remodeling (22) (23) (24) . These results suggested that some differentially expressed miRNAs may be involved in the progression of liver fibrosis (Fig. 2B) .
Construction of the miRNA-mRNA interaction network.
To further investigate the association between distinct miRNAs and target mRNAs in fibrotic liver tissues, the mRNA sequencing profile of the CCl 4 -induced liver fibrosis mouse model was extracted from our previous study (12) . A miRNA-mRNA regulatory network associated with liver fibrosis was constructed based on the inverse expression relationships between the five miRNAs upregulated in both mouse and human fibrotic liver tissues and mRNAs significantly enriched in the MAPK, PI3K-Akt, focal adhesion and Wnt signaling pathways. As shown in Fig. 3A , the network contained five miRNAs, 22 mRNAs and 23 miRNA-mRNA connections. Target mRNAs in the network, such as RELB proto-oncogene (RELB), RAS-related protein 1a (RAP1A), protein phosphatase 3 catalytic subunit β (PPP3CB), arrestin β 1 (ARRB1), fibroblast growth factor 1 (FGF1), protein kinase C β (PRKCB) and members of the MAPK family (MAP3K4, MAPK8, MAPKAPK5, MAP2K5, MAP2K4, MAP3K1), were summarized in Table III . The RT-qPCR results revealed that the expression of RELB, RAP1A, PPP3CB, MAP2K4, ARRB1, MAP3K4, FGF1 and PRKCB was decreased in CCl 4 -induced fibrotic liver tissues (Fig. 3B) . The integrated analysis revealed their regulatory interactions in liver fibrosis.
Target mRNAs in the network are associated with HSC activation.
HSCs have an essential role in liver fibrosis, in which they undergo activation or transdifferentiation from quiescent to myofibroblast-like cells as a result of injury (25) . LX-2 is a widely used human HSC line that can be activated by TGF-β1. To further target mRNAs in HSC activation, the expression of mRNAs in LX-2 cells was examined after 24 h of TGF-β1 (10 ng/ml) stimulation. Following stimulation, the expression of COL1α1 and α-SMA was significantly upregulated (Fig. 4A) , suggesting that LX-2 cells were activated. In addition, miR-212-3p, miR-146b-5p, let-7i-5p, miR-143-5p and miR-199a-3p expression was significantly upregulated in LX-2 cells following TGF-β1 treatment (Fig. 4B) . Of the 22 mRNAs assessed, the expression of RELB, RAP1A, PPP3CB, MAP2K4, ARRB1, MAP3K4, FGF1 and PRKCB was also significantly decreased (Fig. 4C) . The expression pattern of these mRNAs was inverse to that of their regulatory miRNAs (miR-199a-3p for RELB and PRKCB; miR-146b-5p for RAP1A, FGF1 and PPP3CB; miR-143a-3p for MAP3K4; and let-7i-5p for MAP2K4) in the activated HSCs. These results suggested that these miRNAs have an inhibitory effect on their target genes and may serve important roles in liver fibrosis.
Discussion
An increasing number of studies have reported that miRNAs serve a role in regulating the progression and metastasis of various cancers (26) (27) (28) (29) (30) . However, the role of miRNAs and their specific mechanism of action in liver fibrogenesis remain to be elucidated (31) . In the present study, miRNA sequencing was performed in CCl 4 -induced liver fibrosis and integrated with miRNA array data from clinical liver fibrosis samples to compare miRNA expression profiles between fibrotic and normal liver tissues. It was demonstrated that five miRNAs (miR-212-3p, miR-146b-5p, let-7i-5p, miR-199a-3p and miR-143-5p) were significantly upregulated in CCl 4 -treated livers and human liver cirrhosis samples compared with normal liver tissues. Furthermore, GO and KEGG pathway enrichment analysis was performed for miRNA target genes to identify the signaling pathways involved in hepatic fibrosis. GO enrichment analysis indicated that the majority of the miRNA target genes were involved in cellular metabolic processes closely associated with the onset and development of hepatic fibrosis The results of KEGG pathway enrichment analysis indicated a total of 159 signaling pathways that may be essential for the development of liver fibrosis. Several of these pathways were already known to be involved in the progression of liver fibrosis, such as the MAPK, focal adhesion, Wnt, p53, mTOR and PI3K-Akt signaling pathways (22) (23) (24) . Various metabolic pathways were also identified in the present study's analysis such as glycan metabolism, cysteine and methionine metabolism and tyrosine metabolism pathway.
HSCs are an important cell type in the process of liver fibrosis, as they can be activated by a large number of cytokines secreted by damaged hepatocytes in chronic liver injury.
Activated HSCs promote the deposition of ECM, which in turn leads to the development of liver fibrosis. (32) . Therefore, several molecules involved in the activation of HSCs may have potential as therapeutic targets in liver fibrosis (33) (34) (35) . Previous studies have demonstrated that MAPK signaling plays a key role in HSC activation and liver fibrogenesis: MAPK signaling promotes the activation and proliferation of HSCs, increases collagen mRNA stability and leads to the accumulation of ECM (36, 37) . These findings suggest that dysregulated miRNAs that affect MAPK signaling may affect HSC activation in hepatic fibrosis. In the current study, MAPK-related genes, including RELB, RAP1A, PPP3CB, Mitogen-activated NM_011945.2 mmu-miR-143-5p protein kinase kinase kinase 1 ARRB1, MAP2K4, FGF1, MAP3K4 and PRKCB, were dysregulated in TGF-β-induced activation of HSCs, suggesting that they may be essential for HSC activation.
A number of studies have reported that miRNAs are involved in the regulation of liver fibrosis (38) (39) (40) . let-7i, miR-342-3p, miR-188-5p and miR-34a are upregulated in CCl 4 -treated fibrotic livers compared with control samples, while miR-202, miR-378b and miR-378d are downregulated (41) . It was previously reported that a module containing five downregulated miRNAs (miR-130b-3p, miR-148a-3p, miR-345-5p, miR-378a-3p and miR-422a) was associated with HSC activation (42) . The miR-199 family is closely associated with the progression of liver fibrosis in humans and mice (43) . In our previous study, it was demonstrated that the miR-212 promotes HSC activation by targeting Smad family member 7 (44) . Similarly, the results of the present study revealed that miR-342-3p, let-7i, miR-212 and miR-199 were significantly upregulated in cirrhotic liver tissues, whereas miR-378a-3p was significantly downregulated. These miRNAs may therefore be promising biomarkers for the early diagnosis of liver cirrhosis.
In conclusion, the miRNA expression profile generated in the present study revealed that the expression of several miRNAs (miR-212-3p, miR-146b-5p, let-7i-5p, miR-143-5p, miR-199a-3p) was associated with liver fibrosis. A miRNA-mRNA network was identified, comprised of 5 miRNAs and 22 mRNAs that were associated with liver fibrosis. This study may provide novel insights and potential biomarkers for the early diagnosis and treatment of liver fibrosis. Future studies should focus on the biological functions of these miRNAs.
